The chemical desorption of an adsorbed CO molecule in the vicinity of H 2 -forming sites on cosmic dust grains in cold dense clouds is investigated theoretically, mainly using a model based on a classical molecular dynamics computational simulation. As a model surface for icy mantles of dust grains, an amorphous water ice slab is generated at 10 K, and the first and the second H atoms are thrown on to the model surface to reproduce the recombination process of the two H atoms, H H 3 H 2 X Then, the time and space dependence of the local temperature increase of icy mantles caused by the release of H 2 formation energy in the vicinity of H 2 -forming sites is examined. It is found that icy mantles are heated locally up to about 30 K in the surface region at R < 4 A and about 20 K at 4 < R < 6 AY where R is the distance from the H 2 -forming site. The critical temperature of CO desorption is estimated to be about 20±30 K under conditions in typical dense clouds, which might be seen to be comparable to the above result. However, the lifetime of local heating of icy mantles is found to be too short, compared with the time-scale of CO desorption (10 13 s) and that for H 2 forming in the vicinity of an adsorbed CO molecule (more than 2 Â 10 13 s). Thus, it is found that the efficiency of chemical desorption of CO on a large dust grain is negligible. On the other hand, chemical desorption can occur on a small dust grain with size less than 20 A Ê .
I N T R O D U C T I O N
It is well known that heavy molecules exist in the gas phase of cold dense clouds. However, the mechanism to keep them in the gas phase is poorly known. Since not only thermal desorption but also cosmic ray heating, dust sputtering and photo-induced desorption are inefficient in dense clouds, another non-thermal mechanism must be considered (see, e.g., Williams 1993 , Herbst 1995 . Recently, Dzegilenko & Herbst (1994 , 1995 and Dzegilenko, Herbst & Uzer (1995) proposed a new desorption mechanism of CO in dense clouds where CO can be excited effectively by the vibrational energy transfer of a neighbouring OH to the CO±dust librational modes. However, their mechanism has an uncertainty in the rate determination derived from an uncertainty in the infrared flux.
There is another mechanism that might be effective for ejecting heavy molecules from the dust surface into the gas phase. Chemical desorption of weakly (physically) bound molecules such as CO may occur in the vicinity of H 2 -forming sites on dust grains, because a small release of H 2 formation energy may be sufficient to heat dust locally (Fig. 1, Duley & Williams 1993; Williams 1993) . This mechanism could be the reason why CO is not found on dust except in regions of high extinction where the hydrogen is all in H 2 .
Recently, the H 2 formation process on icy mantles of cosmic dust was studied in detail using a theoretical model based on a classical molecular dynamics (MD) computational simulation (Takahashi, Masuda & Nagaoka 1999a,b) . In the present work, we investigate the efficiency of chemical desorption of CO theoretically, based on the same modelling. As a model surface for icy mantles of dust grains, the amorphous water ice slab is generated at 10 K, the typical temperature of dust in dense clouds, by MD simulation under periodic boundary conditions with 1000 water molecules in a unit cell. The first and the second incident H atoms are thrown on to the model surface to reproduce the recombination process of the two H atoms, H H 3 H 2 Y where the dynamics of atoms and molecules in the system is fully treated so that the energy transfer from the product H 2 to icy mantles can be taken into account. Then, the time and space dependence of the local temperature of icy mantles is examined in the vicinity of H 2 -forming sites and the efficiency of chemical desorption of CO is studied based on those data.
In Section 2, we describe our model and summarize previous results by the MD simulation on the H 2 formation process on icy q 2000 RAS w E-mail: junko.takahashi@nao.ac.jp Downloaded from https://academic.oup.com/mnras/article-abstract/314/2/273/1172798 by guest on 19 April 2019 mantles of dust. In Section 3, we show the result of the analysis on the time and space dependence of the local temperature of icy mantles in the vicinity of H 2 -forming sites. In Section 4, we discuss the critical temperature and time-scale of CO desorption, the H 2 -forming rate in the vicinity of an adsorbed CO molecule and the efficiency of chemical desorption of CO. In Section 5, we give our conclusions.
MD SIMULATION OF H
Classical MD simulation is a well-established technique for studying molecular processes in the field of physical chemistry. In this technique, positions, velocities and forces of the molecules are obtained as functions of time by solving numerical Newtonian equations of motions for the many-body system. The total potential of the system is generally given as a sum of pair potentials. Despite the limitation of the classical treatment of motions, it has provided us with much realistic information about the molecular processes when they are dominated by the thermal dynamics. Our model, where the hydrogen atom or molecule is physisorbed on the surface of icy mantles and has excess thermal energy during most of the processes, can be well treated by this technique (Masuda & Takahashi 1997; Masuda, Takahashi & Mukai 1998; Takahashi, Nagaoka & Masuda 1998) .
In order to examine the local temperature of icy mantles in the vicinity of H 2 -forming sites, we performed the MD simulation of the H 2 formation process on icy mantles of dust grains. The detailed computational procedure of our MD simulation was given in our previous works (Takahashi et al. 1999a,b) , and is briefly summarized in the following two paragraphs.
For the present system, potential energy functions for H 2 O±H 2 O, H±H 2 O and H±H pairs were taken into account. The TIPS2 (transferable intermolecular potential, second version) potential model by Jorgensen (1982) was used for the pair potential of H 2 O±H 2 O, the potential model by Zhang et al. (1991) was employed for H±H 2 O and the Morse-type potential function with experimental parameters was used for H±H (Herzberg 1950) .
In the first stage of our MD simulation, a slab-shaped amorphous water ice model surface was generated for icy mantles of dust grains under periodic boundary conditions. For the initial conditions, 1000 water molecules were placed randomly in the unit cell, and the equilibrium structure of the amorphous water ice slab was obtained after a 10-ps picosecond 10 212 s run, where the time-step was taken to be 1 fs femtosecond 10 215 sX The volume of the slab in the unit cell was about 40 Â 40 Â 20 A 3 X In the second stage, we performed an MD simulation for the system consisting of both the amorphous water ice slab and the first incident H atom thrown on to the surface. In the third stage, the second incident H atom was thrown on to the above system. The time-steps and time durations for the second and third stages were taken to be 1 fs, 5 ps and 0.1 fs, 2 ps, respectively.
In the present work, the temperature of the amorphous water ice slab was kept at 10 K by rescaling the velocities of H 2 O molecules at every time-step in the first and the second stages of the MD simulation. The temperature rescaling was switched off in the third stage to study the energy transfer from the product H 2 molecule into the ice, but the background temperature of ice was kept at 10 K within a temperature fluctuation of 1 and 7 per cent, respectively, before and after the two H atoms begin to react. The kinetic temperatures of incident H atoms were set at 10 K, and the initial positions and directions of H atoms thrown on to the ice surface were randomly selected. In these simulations, the full dynamics was treated for all of the atoms and molecules in the system, and thus the energy transfer from H atoms and H 2 to the amorphous water ice was taken into account directly. The first incident H atom was found to diffuse on the surface of the amorphous water ice initially and then become trapped in one of stable sites on the ice surface. When the second incident H atom encountered the first H atom trapped on the ice, it was found that H 2 was produced and subsequently ejected from the ice surface. Here, both the Langmuir±Hinshelwood and Eley±Rideal mechanisms were observed in the reaction process of H 2 . The average lifetime before ejection was about 500 fs. It has become clear that H 2 molecules formed on amorphous water ice are in highly excited states not only vibrationally but also rotationally and translationally. The largest portion of the H 2 formation energy resided in the vibrational energy of H 2 (78.5 per cent of the H 2 formation energy, 109.5 kcal mol 21 ), and the second and third largest portions were the rotational (9.9 per cent) and translational energies (7.4 per cent), respectively. The energy absorbed by the ice was evaluated to be only about 4.4 kcal mol 21 (4.0 per cent) (Takahashi et al. 1998a,b) .
As for the algorithm of MD simulation, two procedures were employed previously: (A) the H 2 O molecules were treated as rigid and the SHAKE± Verlet algorithm was used for numerical integration with the quaternion formalism (hard-ice model);
(B) the intramolecular vibrational modes of H 2 O were taken into account (soft-ice model), where a spring-type intramolecular potential function was added to the TIPS2 intermolecular potential (Zhang & Buch 1990 ).
Model A includes only intermolecular modes (translational vibrations) of H 2 O, while model B includes not only intermolecular but also librational (hindered rotational) and intramolecular vibrational modes. Although the latter model might be more precise, it was found that there is little difference in the value of energy absorbed by the ice between the two models (Takahashi et al. 1999b ). This fact suggests that energy should be dispersed in the ice mainly through intermolecular modes. Actually, it is known that intramolecular vibrational (fundamental) frequencies are so high (1650±3380 cm 21 in pure H 2 O ice) that their contribution to the heat capacity can be negligible below 200 K, and that the librational frequencies are still so high (about 500± 1000 cm 21 ) below about 80 K (Flubacher, Leadbetter & Morrison 1960; Fletcher 1970 translational frequencies are so low (below about 500 cm 21 ) that they can contribute to the energy transmission at 10 K. Therefore, we adopted model A to study energy dispersion in the ice in the present work.
L O C A L T E M P E R AT U R E S O F I C E I N T H E V I C I N I T Y O F H 2 -F O R M I N G S I T E S
Even a small amount of energy absorbed by icy mantles can be sufficient to cause local heating. In order to know whether the chemical desorption of CO molecules can occur in the vicinity of H 2 -forming sites, we must estimate the local temperature of icy mantles. However, there is a complex problem of energy dispersion in the real system. Therefore, we examined the time and space dependence of the local temperature of icy mantles in the vicinity of H 2 -forming sites by our realistic model based on the MD simulation as discussed in the previous section.
As is shown in Fig. 2 , the icy mantles are divided into several regions according to R, the distance from the H 2 -forming site, and further divided into the surface and bulk regions. The H 2 -forming site is defined as the position of the O atom of the H 2 O molecule that is nearest to the first incident H atom trapped on icy mantles. The distance between the first H atom and the nearest H 2 O is about 3 A Ê . The second incident H atom attaches on the head of the first H atom, and H 2 is physisorbed on the ice surface in the headon configuration and librates at the bottom of the potential well until it is ejected from the ice surface. The surface region is defined as that within 2 A Ê below the H 2 -forming site. Since the average distance between two neighbouring H 2 O molecules in the water ice is 2.8 A Ê , the surface region contains H 2 O molecules in the first layer. The average numbers of H 2 O molecules included in the respective regions are listed in Table 1 .
The local temperature is derived from the average of kinetic temperatures of H 2 O molecules included in each region and then further averaged for 77 MD trajectories. Although the number of H 2 O molecules in each region may be too small for the temperature to be defined, averaging over many MD trajectories will give us a considerable statistical confidence.
The results are shown in Fig. 3 . The zero of time is set as the time when two H atoms encounter each other at a distance of less than 3 A Ê and begin reacting to produce the H 2 molecule. It was found that the local temperature of the first nearest surface region R < 4
A increases up to about 35 K just after the two H atoms begin reacting and then falls to about 30 K. During the reaction process of the two H atoms on the surface of icy mantles, a part of the H 2 formation energy is absorbed by the ice in this region. Since the ejection lifetime of H 2 produced on icy mantles is about 500 fs, the temperature decreases gradually after that, because no more energy is supplied, but is dispersed into bulk regions and surface regions more distant from the H 2 -forming site. The local temperature of the second nearest surface region 4 < R < 6 A increases a little slowly, reflecting the distance from the H 2 -forming site, and the peak temperature is about 20 K. The temperature increases of the third 6 < R < 8 A and the fourth 8 < R < 10 A nearest regions were slower and smaller. The local temperatures of bulk regions increase more slowly than those of surface regions. It was found that the transmission of energy is faster in the surface regions but slower into bulk regions.
The background temperature is initially 10 K. Although the temperature rescaling of the amorphous water ice was switched off after the second incident H atom was thrown on to the system, the background temperature increases only very slightly (at most 7 per cent) and is assumed to be nearly constant. In our MD simulation under periodic boundary conditions, the number of H 2 O molecules in a unit cell and the volume of the amorphous water ice slab are, respectively, 1000 and about 40 Â 40 Â 20 A 3 Y which are sufficiently larger than those involved in the locally heated region.
D I S C U S S I O N

Critical temperature of CO desorption
Since the adsorption energy of a CO molecule on icy mantles is very small, the evaporation temperature of CO in interstellar conditions is considered to be very low (Duley & Williams 1993 ). The critical temperature for CO desorption is defined as the temperature at which the sticking rate of CO molecules on to dust grains and the desorption rate of CO molecules from dust grains are comparable. We estimated this temperature under conditions in typical molecular clouds, where the gas phase temperature T 10 KY the number density of the gas phase n 2 Â 10 4 cm 23 Y the number density of H atoms n H 1 Â 10 0 cm 23 Y the number density of H 2 molecules n H2 1 Â 10 4 cm 23 Y the number density of CO molecules n CO 2 Â 10 0 cm 23 Y the number density of dust grains n d 1 Â 10 28 cm 23 and the grain radius a d 0X1 mmX The overall sticking rate of CO molecules on to dust grains is generally estimated by the following equation:
where s is the cross-section of a dust grain s . of dust grains s CO . 1Y v CO is the thermal velocity of CO in the gas phase at 10 K v CO 8X7 Â 10 3 cm s 21 and n g CO is the number density of the CO molecule in the gas phase n g CO 1 Â 10 0 cm 23 X As a result, k S CO 8X7 Â 10 215 cm 23 s 21 Y and the time-scale for CO sticking on to dust grains t S CO 1X1 Â 10 14 s 3X6 Â 10 6 yrX On the other hand, the overall desorption rate of CO molecules from dust grains is usually estimated by the following equation:
where n is the lattice vibrational frequency of CO on the dust, E D is the desorption activation energy or the binding energy of CO on the dust, k B is the Boltzmann factor, T D is the temperature of the dust and n d CO is the number density of the CO molecule on dust grains. In the case of CO adsorbed on the H 2 O ice, n is usually assumed to be 2 Â 10 12 HzX Since k D is very sensitive to the value of E D , we should be cautious in choosing its value. Recently, the surface binding energy of CO on H 2 O-rich ices was derived using laboratory-measured temperature-dependent sticking efficiencies by Sandford & Allamandola (1998 ; see also Le Âger 1983 Table 2 .
Comparing time-scales for CO sticking and desorption, it is found that the critical temperature for CO desorption is about 30 K for E D ak B 1760 KX This temperature falls to about 20 K if E D ak B 1200 KX Here, the desorption time-scale is around 10 13 s or 10 6 yr.
H 2 -forming rate in the vicinity of CO
The overall sticking rate of H atoms on to dust grains is estimated similarly to equation (1):
where s H is the sticking efficiency of an H atom on to icy mantles of dust grains s H . 1Y v H is the thermal velocity of an H atom in the gas phase at 10 K v H 4X6 Â 10 4 cm s 21 and n g H is the number density of H atoms in the gas phase n g H 1 Â 10 0 cm 23 X As a result, k S H 4X6 Â 10 214 cm 23 s 21 Y and the time-scale for H sticking on to dust grains t S H 2X2 Â 10 13 s 6X9 Â 10 5 yrX The overall sticking rate of H atoms on to dust is the upper limit for the H 2 formation rate in the vicinity of a CO molecule adsorbed on dust. Thus, the time-scale for H 2 forming in the vicinity of an adsorbed CO molecule is more than 2 Â 10 13 s ( 7Â10 5 yr).
Chemical desorption of CO on a large dust grain
In our MD simulation, we consider icy mantles of a large dust grain with a surface area of more than 40 Â 40 A 2 X According to the results obtained in Section 3, the local temperature of icy mantles increases up to about 30 K in the surface region at R < 4 AY while it is about 20 K at 4 < R < 6 AX Therefore, there is a possibility that CO could be desorbed in the vicinity of H 2 -forming sites at R < 6 AX However, Fig. 3 shows that the lifetime of local heating is very short, and is roughly evaluated as at most 5 ps 5 Â 10 212 s by extrapolating plots in this figure. On a large dust grain, a part of the H 2 formation energy absorbed by the ice in the nearest region of the H 2 -forming site is dispersed rapidly to the other regions of icy mantles more distant from the site. Comparing with the timescale for CO desorption (10 13 s) and that for H 2 forming in the vicinity of an adsorbed CO molecule (more than 2 Â 10 13 sY the lifetime of local heating is too short. Therefore, it is found that CO desorption does not occur in this situation.
Chemical desorption of CO on a small dust grain
It is generally considered that small dust grains are much more numerous than large ones. The size of small grains extends to less than 100 A Ê . In the small dust grain case, the energy released from H 2 formation and absorption by dust is kept within a small region, and the temperature increase can last for a long enough time to cause chemical desorption of CO.
According to the previous work on the product energy distribution of H 2 formed on icy mantles of dust (Takahashi et al. 1999b ), the energy absorbed by ice is 4.4 kcal mol 21 . Since energy is dispersed mainly through intermolecular modes (translational vibrations) in the ice, each molecule has three degrees of freedom to be excited (see the last paragraph in Section 2). The temperature increase of a small dust grain caused by 4.4 kcal mol 21 energy can be estimated as a function of the number of molecules contained in a grain. The grain size (diameter) is roughly evaluated for the number of molecules, assuming a spherical grain with its density of 0.6±0.9 g cm
23
. The result is shown in Table 3 . It is found that chemical desorption of CO is possible on a small dust grain with size less than 20 A Ê .
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C O N C L U S I O N S
We have shown that a local temperature increase of icy mantles is caused by a small release of H 2 formation energy in the vicinity of H 2 -forming sites. It is found that icy mantles are heated locally up to about 30 K in the surface region at R < 4 A and about 20 K at 4 < R < 6 AX The critical temperature of CO desorption is estimated to be about 20±30 K under conditions in typical dense clouds, which might be seen to be comparable with the above result. However, the lifetime of local heating of icy mantles is found to be too short compared with the time-scale of CO desorption (10 13 s) and that for H 2 formation in the vicinity of an adsorbed CO (more than 2 Â 10 13 s). Thus, it is found that the efficiency of chemical desorption of CO on a large dust grain is negligible. On the other hand, chemical desorption can occur on a small dust grain with a size of less than 20 A Ê . We conclude that desorption from large grains involves a variety of other processes that have been discussed in the literature (d' Hendecourt et al. 1982; Le Âger, Jura & Omont 1985; Williams & Taylor 1996) .
